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Object of t h e  Report 
T h i s  report  i n  a c c o r d a n c e  w i t h  t h e  s ta ted  c o n t e n t  of t h e  summary 
report ,  provides  a summary of t h e  t e c h n i c a l  f i n d i n g s ,  c o n c l u s i o n s  
a n d  r e c o m m e n d a t i o n s  made i n  c o n n e c t i o n  w i t h  C o n t r a c t  N o .  N A S  8-5218, 
R e q u e s t  Number TP3-84022. I t  a l s o  i n c l u d e s  d e s i g n  p r i n c i p l e s ,  
p r o c e d u r e s ,  a n d  methods o f  c a l c u l a t i o n  t h a t  w i l l  a i d  i n  t h e  f u t u r e  
d e v e l o p m e n t  of a c a p a c i t i v e - t y p e  mass f lowmeter .  
A b  s t rac  t 
A c a p a c i t i v e - t y p e  mass flowmeter,  t o g e t h e r  w i t h  a n  e l e c t r o n i c  
r e a d o u t ,  w a s  d e s i g n e d  a n d  b u i l t  for u s e  w i t h  LH2. 
f l o w  tests up  t o  2 lbs/sec.  of LH2 w e r e  c o n d u c t e d  a t  NASA-Hunt sv i l l e .  
T h i s  test  i n d i c a t e d  t h a t  t h e  f o r c e  r a n g e  o f  t h e  f l o w  s e n s o r  w a s  
a d e q u a t e ,  force n u l l i n g  or b a l a n c i n g  of s c r e e n  drag forces w a s  
b e i n g  accomplished b y  t h e  e l e c t r o n i c  r e a d o u t ,  a n d  t h e  s y s t e m  w a s  
repeatable. The  a c c u r a c y  of t h e  f l o w  s t a n d  w a s  n o t  h i g h  e n o u g h  
t o  p e r m i t  a n  a c c u r a c y  a n a l y s i s  of  t h e  B e n d i x  s y s t e m .  
P r e l i m i n a r y  LH2 
On t h e  bas i s  of t h e  B e n d i x  flowmeter s y s t e m  p e r f o r m a n c e  a t  NASA- 
H u n t s v i l l e ,  a 15 p t .  c a l i b r a t i o n  test w a s  s c h e d u l e d  a t  Wyle L a b s . ,  
Norco f a c i l i t y .  T h i s  tes t  w a s  i n c o n c l u s i v e  because of f o r e i g n  mat- 
e r i a l  i n  t h e  f l o w  l i n e  c a u s i n g  damage t o  t h e  d e n s i t y  s e n s o r  a n d  
added e r r o n e o u s  d rag  forces t o  t h e  force t r a n s d u c e r s .  The  e x i s t e n c e  
of a n  u n s t a b l e  f o r c e  n u l l  ( w i t h  n o  f l o w )  w a s  a l s o  t h o u g h t  t o  e x i s t  
d u r i n g  these tests a n d  t o  c o n t r i b u t e  t o  t h e  sca t te r  o f  t h e  B e n d i x  
ra te  of f l o w  s i g n a l .  E x t r e m e  d i f f i c u l t y  i n  force n u l l i n g  w a s  
e x p e r i e n c e d  d u e  t o  t h e  i n a b i l i t y  of t h e  f l o w  s t a n d  t o  g i v e  a no- 
f l o w  c o n d i t i o n  of LH2 a t  t h e  force  s e n s o r  f o r  l o n g e r  t h a n  t e n  
s e c o n d s .  An a n a l y s i s  of t h e  B e n d i x  ra te  o u t p u t  showed a b o u t  a 
/ 1% of 15 lbs/sec. s c a t t e r  i n  t h e  da ta .  T h i s  a n a l y s i s  t h o u g h  w a s  
l n c o n c l u s i v e  as  o n l y  s i x  good data  p o i n t s  w e r e  a v a i l a b l e .  -r 
A s  a r e s u l t  of t h e  i n c u r r e d  d e n s i t y  s e n s o r  damage a n d  t h e  c o n s e -  
q u e n t  l ack  of good o u t p u t  data,  a s e c o n d  series of LH2 f l o w  tests 
w e r e  s c h e d u l e d  a t  Wyle L a b s . ,  Norco f a c i l i t y .  I n  a d d i t i o n ,  a 
series of n u l l i n g  s t a b i l i t y  tests w e r e  s c h e d u l e d  a t  B e n d i x ,  
P i o n e e r - C e n t r a l  D i v i s i o n .  The  l a t t e r  tests were performed t o  
develop a force  n u l l i n g  t echn ique  a t  LH2 t e m p e r a t u r e s .  
The  B e n d i x  n u l l  s t u d y  i n d i c a t e d  t h a t  a n u l l  i n s t a b i l i t y  was pre- 
s e n t  below LN2 t e m p e r a t u r e s .  
reverse f l o w s  or f o r c e s ,  t h u s  i t  w a s  t h o u g h t  t h a t  b y  k e e p i n g  a 
f o r w a r d  f o r c e  o n  t h e  f l o w  s e n s o r  w i t h  t h e  force m a g n e t s ,  t h i s  
n u l l  problem c o u l d  be c i r c u m v e n t e d .  The  Wyle f low tests were 
t h e n  s c h e d u l e d .  
T h i s  i n s t a b i l i t y  o c c u r r e d  w i t h  
A f t e r  t h e  f l o w  s e n s o r  w a s  s tabi l ized a t  LH2 t e m p e r a t u r e s ,  a 15- 
p o i n t  c a l i b r a t i o n  r u n  w a s  performed. An a n a l y s i s  o f  t h e  rate- 
O f - f l o w  data i n d i c a t e d  t h a t  a + 2% of f u l l  scale  s ca t t e r  w a s  - 
1 
p r e s e n t  i n  the  B e n d i x  ra te-of-f low ou tpu t .  T h i s  d a t a  was then 
found t o  be c o r r e l a t e d  by two s t r a i g h t  p a r a l l e l  l i n e s ,  w i t h  a 
s c a t t e r  of { 1% of 1 5  lb s / sec .  about each l i n e .  On t h e  b a s i s  of a 
two l i n e  c o r r e l a t i o n  i n d i c a t i v e  of a system having two mechanical 
n u l l  p o i n t s ,  t h e  flow sensor  was modified t o  remove t h e  problem. 
A second series of recorded flows was t h e n  conducted. Prel iminary 
r u n s  during cool-down ind ica t ed  a marked improvement i n  n u l l  
s t a b i l i t y .  The output  r a t e  d a t a  though seemed t o  show about t h e  
same order  of s c a t t e r  ({ 2% of f u l l  s c a l e )  and c o r r e l a t i o n  a s  t h e  
f i r s t  series.  It was noted dur ing  t h i s  second s e r i e s  of r u n s  t h a t  
t h e  vacuum s u p p l i e d  by Wyle surrounding t h e  flowmeter was e x t r e m e l y  
poor. The t e s t s  were t h e n  concluded due t o  t h e  apparent  l ack  of 
improvement i n  t h e  r a t e  output  a f t e r  t h e  f o r c e  sensor  modi f ica t ion .  
Subsequent s t a t i c  tes ts  a t  B e n d i x  i n d i c a t e d  t h a t  t h e  second series 
of r a t e  da ta  should have showed less s c a t t e r  than t h e  f i r s t  series.  
The lack  of improvement was a t t r i b u t e d  t o  t h e  poor vacuum surround- 
i n g  t h e  flowmeter and a por t ion  of t h e  t r a n s f e r  l i n e .  T h i s  poor 
vacuum caused flow t o  occur while  t h e  f o r c e  n u l l  was being observed, 
prevent ing accu ra t e  n u l l  determinat ion and s e t t i n g .  
Dispos i t ion  of System 
The system i s  being held a t  Pioneer-Central  awai t ing  d i s p o s i t i o n  
i n s t r u c t i o n s  from Marshall  Space F l i g h t  Center .  
Conc 1 usions 
The good c o r r e l a t i o n  of t h e  Bendix Ind ica t ed  Mass Rate of Flow 
t e s t  d a t a  from t h e  15 poin t  c a l i b r a t i o n  on 1-29-65 showing a r a t e  
s c a t t e r  of 51% of f u l l  s c a l e  (15 l b s / s e c . )  about each of two d a t a  
c o r r e l a t i o n s  shows t h a t  t h e  b a s i c  theory  of ope ra t ion  of t h e  flow- 
meter system is sound. The f a c t  t h a t  two s t r a i g h t  l i n e s  b e s t  
c o r r e l a t e  t h e  r a t e  d a t a ,  and the  d m e  d a t a  dur ing  nea r ly  
cons t an t  dens i ty  r u n s  i n d i c a t e s  t h a t  some mechanical i n s t a b i l i t y  
i s  present .  (Post-Wyle s t a t i c  t e s t s  show t h a t  no magnetic hys t e re -  
s is  or s h i f t s  w i l l  occur a t  LH2 tempera tures . )  
The mass r a t e  d a t a  of 1-29-65 i n d i c a t e s  t h e  e l e c t r o n i c  readout  
was adequate for t h e  design goal of a mass r a t e  of flow accuracy + 1% of f u l l  s c a l e .  
Recommendations 
- 
Modification of t he  f o r c e  t r ansduce r  t o  achieve  a s o f t e r  mechanical 
n u l l  i s  necessary t o  ob ta in  a mass r a t e  of flow accuracy of 1% 
Pf f u l l  s c a l e  from t h e  Bendix Capaci tance Type Mass Flowmeter 
System. 
THE DESIGN, CONSTRUCTION AND TESTING OF A PROTOTYPE MODEL 
OF AN LH2 CAPACITANCE TYPE MASS FLOWMETER AND ELECTRONIC READOUT 
SCOPE OF WORK 
T h i s  i s  q u o t e d  d i r e c t l y  from C o n t r a c t  N A S 8 - 5 2 1 8 .  Our  comments  t o  
t h i s  scope of work as  c o n t a i n e d  i n  "Proposal f o r  a n  I m p r o v e d  
C r y o g e n i c  Mass F l o w m e t e r , "  B e n d i x  P&QR N o .  3 1 2 3 ,  Pub. No. 2483-62, 
November 7 ,  1962, fol low.  T h i s  p r o p o s a l  w a s  i n  r e s p o n s e  t o  RFQ 
N o .  TP-3-84022, dated O c t o b e r  25, 1962, f o r  t h i s  C a p a c i t a n c e  
Type  LH2 Mass Flowmeter a n d  a s soc ia t ed  r e a d o u t .  S i n c e  t h e  t e s t i n g  
phase w a s  e x t e n d e d ,  o u r  u n d e r s t a n d i n g  o f  t h e s e  a d d i t i o n a l  tests 
are a l so  i n c l u d e d  for c l a r i f i c a t i o n .  
A s  quoted from C o n t r a c t  NAS8-5218: 
1. Scope a n d  0 b . j e c t i v e :  
The  C o n t r a c t o r ,  as a n  i n d e p e n d e n t  C o n t r a c t o r  a n d  n o t  as  a n  
A g e n t  f o r  t h e  G o v e r n m e n t ,  s h a l l  f u r n i s h  a l l  o f  t h e  n e c e s s a r y  
p e r s o n n e l ,  f a c i l i t i e s  a n d  ma te r i a l s  (except  as  may otherwise 
be p r o v i d e d )  a n d  otherwise d o  a l l  t h i n g s  n e c e s s a r y  f o r  or 
i n c i d e n t a l  t o  t h e  p e r f o r m a n c e  of t h e  w o r k  described below, i n  
d e s i g n i n g ,  b u i l d i n g  a n d  d e l i v e r i n g  t o  Marshall Space F l i g h t  
C e n t e r ,  a p r o t o t y p e  model of a l i q u i d  h y d r o g e n  c a p a c i t a n c e -  
t y p e  mass f l o w m e t e r ,  toge ther  w i t h  i t s  associated r e a d o u t  
f o r  t h e  L i q u i d  Hydrogen  T e c h n o l o g y  Program. 
2. Work S t a t e m e n t :  
The  C o n t r a c t o r  s h a l l  d e s i g n ,  b u i l d  a n d  d e l i v e r  t o  MSFC a proto- 
t y p e  model of a L i q u i d  Hydrogen  (LH2) c a p a c i t a n c e  t y p e  mass 
f l o w m e t e r ,  together  w i t h  i t s  associated r e a d o u t .  The  mass 
f l o w m e t e r  s y s t e m  s h a l l  have a n  o v e r a l l  s y s t e m  a c c u r a c y  o f  b 1% 
when u s e d  w i t h  c r y o g e n i c  f l u i d s .  The  mass f l o w  s y s t e m  s h a r l .  
be capable of m e a s u r i n g  flows u p  t o  f i f t e e n  ( 1 5 )  p o u n d s  p e r  
s e c o n d  o f  LH2. 
a. C o n s t r u c t i o n  of t h e  Mass Flow S e n s o r :  
The  mass f l o w  s e n s o r  s h a l l  be of s t a i n l e s s  s teel  a n d  s u c h  
o t h e r  materials t h a t  a r e  compatible w i t h  L i q u i d  Oxygen 
(LOX), L i q u i d  N i t r o g e n  (LNz) ,  a n d  L i q u i d  Hydrogen  (LHz),  
a n d  w i l l  n o t  r u s t  n o r  c o r r o d e  i n  water. The  mass f l o w  
s e n s o r  s h a l l  h a v e  a n  i n s i d e  diameter of three i n c h e s  (3"). 
A p e r m a n e n t l y  e v a c u a t e d ,  vacuum j a c k e t ,  s h a l l  s u r r o u n d  t h e  
meter p o r t i o n .  The e n d  f i t t i n g s  s h a l l  be f o u r  i n c h  (4")  
o n e  h u n d r e d  f i f t y  (150) p o u n d  ASA s t a i n l e s s  s tee l  f l a n g e s .  
b .  The  E l e c t r o n i c  Mass Flow I n d i c a t o r :  
The  E l e c t r o n i c  Mass Flow I n d i c a t o r  s h a l l  be capable of 
r e a d i n g  t h e  t r u e  mass f l o w  when located t w o  h u n d r e d  ( 2 0 0 )  
3 
t o  t h r e e  hundred (300) f e e t  from the  flow senso r .  The 
e l e c t r o n i c  i n d i c a t o r  s h a l l  provide an analog vo l t age  propor- 
t i o n a l  t o  mass flow r a t e  s u i t a b l e  f o r  record ing  on a s t r i p  
char t  recorder .  The readout system s h a l l  a l s o  be capable  
of t o t a l i z i n g  t h e  mass flow through t h e  meter. T h i s  i n f o r -  
mation s h a l l  be i n  engineer ing  u n i t s  or i n  such form a s  
t o  be e a s i l y  converted t o  e n g i n e e r i n g  u n i t s  such a s  t o t a l  
pounds or t o t a l  kilograms. 
T h i s  equipment s h a l l  ope ra t e  on 110 v o l t s  AC o r  28 v o l t s  DC. 
Comments t o  Scope of Work Document 
Review of t he  "scope-of-work" r e v e a l s  t h a t  explana t ion  o r  c l a r i f i -  
c a t i o n  of a f e w  i t e m  is necessary s o  t h a t  both NASA and c o n t r a c t o r  
personnel have a c l e a r  understanding of t h e  requirements .  
A r t i c l e  I - Scope of Work 
2. Work Statement 
"The mass flowmeter s y s t e m  s h a l l  have an o v e r a l l  accuracy 
of - 1% when used w i t h  cryogenic  f l u i d s . "  
Pioneer-Central  i n t e r p r e t a t i o n  of t h i s  requirement is 
t h a t  t h e  mass r a t e  of flow accuracy requirement a l lows 
for a 1% e r r o r  i n  measurement of t h e  f u l l  s c a l e  range a t  
any flow r a t e  up  t o  t h e  r a t e d  c a p a c i t y .  T h i s  is  a s t anda rd  
instrument a l lowable e r r o r  requirement .  
A s  t h e  proposed design approach i s  f o r  a flowmeter t o  
handle l i q u i d  hydrogen and u t i l i z e s  a phys i ca l  p r i n c i p l e  
of the  r e l a t i o n s h i p  of d i e l e c t r i c  cons t an t  t o  d e n s i t y  f o r  
non-polar f l u i d s ,  i t  should be understood t h a t  t h e  term- 
inology of "cryogenic f l u i d s "  means, i n  t h i s  c a s e ,  only 
l i q u i d  hydrogen and l i q u i d  n i t r o g e n ,  Such "cryogenic 
f l u i d s "  a s  l i q u i d  f l u o r i n e ,  methane, e t c .  , s h a l l  not apply 
t o  t h e  requirement.  
A r t i c l e  I - Scope of Work 
2.  Work Statement 
"The mass flow s y s t e m  s h a l l  be capable  of measuring flows 
up t o  f i f t e e n  (15) pounds pe r  second of LH2.I'  
Pioneer-Central  i n t e r p r e t a t i o n  of t h i s  requirement is  
t h a t  t he  design s h a l l  be capable  of measurement of a 
maximum flow r a t e  of 15 l b s / s e c .  of LH2. Pioneer-Central  
w i l l  design t h e  flowmeter f o r  a dynamic flow range of 
1 O : l  hence, t h e  a c t u a l  measurement range s h a l l  be from 
1.5 lbs / sec .  t o  15 l b s / s e c .  of LH2. 
I -  
ADDITIONAL TESTS ON PIONEER-CENTRAL LIQUID 
HYDROGEN FLOWMETER WHICH ARE BEYOND THE SCOPE 
OF PRESENT MSFC FORMAL TEST REQUIREMENTS 
1. With t h e  P i o n e e r - C e n t r a l  l i q u i d  h y d r o g e n  f l o w m e t e r  i n s t a l l e d  
i n  test  s t a n d ,  s l o w l y  f l o w  LH2 t h r o u g h  t he  u n i t  f o r  a minimum 
of 2-1/2 h o u r s  t o  a s s u r e  p r o p e r  cool down. C o n d u c t  a series 
of recorded f l o w  tests ( u p  t o  24) a t  t h e  approximate rates t o  
be s p e c i f i e d  b y  P i o n e e r - C e n t r a l  e n g i n e e r s  p r e s e n t  d u r i n g  t h e  
tests. S u c h  f l o w  rates w i l l  be b e t w e e n  1.5 a n d  15 p o u n d s  per  
s e c o n d  a n d  are f o r  t h e  p u r p o s e  of e s t a b l i s h i n g  t h e  op t imum 
n u l l i n g  a n d  c a l i b r a t i o n  t e c h n i q u e s .  
A check o n  t h e  n u l l  s e t t i n g  w i l l  be r e q u i r e d  a t  i n t e r v a l s  d u r -  
i n g  these tests. A minimum of  t h r e e  recorded f l o w  tests a t  
w i d e l y  separated rates w i l l  be n e e d e d  b e t w e e n  n u l l  s e t t i n g  
checks t o  d e t e r m i n e  i f  a n y  c h a n g e  has t a k e n  place. E a c h  n u l l  
check w i l l  r e q u i r e  a s t a t i c  c o n d i t i o n  (cold gas or q u i e s c e n t  
l i q u i d )  a t  45 t o  50 ps i a  i n  f l o w m e t e r  a t  LH2 t e m p e r a t u r e  f o r  
a t  l eas t  t e n  s e c o n d s .  
2. 
T h e  usual s t a n d a r d  test  e q u i p m e n t  w i l l  be r e q u i r e d ,  i n c l u d i n g  
recorders as fol lows:  
T h r e e  c h a n n e l s  o n  s t r i p  c h a r t  recorders h a v i n g  1 2  i n c h  
or more t o t a l  d e f l e c t i o n .  T o t a l  a c c u r a c y  a n d  l i n e a r i t y  
of 0.5% is r e q u i r e d  from 10% t o  100% of f u l l  scale 
r e a d i n g .  Two of t h e  c h a n n e l s  t o  be a d j u s t a b l e  from 
20 mv. t o  100 mv. f o r  f u l l  sca le  d e f l e c t i o n .  T h i r d  
c h a n n e l  t o  be o f f se t  s u c h  t h a t  f u l l  d e f l e c t i o n  o c c u r s  when 
i n p u t  s i g n a l  c h a n g e s  from 50 mv. t o  100 mv. 
When t h e  above tests are c o m p l e t e d ,  t h e  vacuum c h a m b e r  
s u r r o u n d i n g  t h e  f l o w m e t e r  s h o u l d  be o p e n e d  a n d  p u r g e d  w i t h  d r y  
gas over n i g h t  t o  p e r m i t  t h e  f lowmete r  t o  w a r m  t o  a m b i e n t  
t e m p z r a t u r e .  
With u n i t  n e a r  a m b i e n t  t e m p e r a t u r e ,  remove f lowmeter  f o r  i n -  
s p e c t i o n ,  r e i n s t a l l ,  a n d  p r e p a r e  s t a n d  f o r  t e s t i n g .  B r i n g  
f l o w m e t e r  down t o  LH t e m p e r a t u r e  b y  s l o w l y  f l o w i n g  l i q u i d  
t h r o u g h  u n i t  f o r  a t  ?east 2-1/2 h o u r s .  
recorded f l o w s  a t  approximate ra tes  t o  be s p e c i f i e d  b y  P i o n e e r -  
C e n t r a l  e n g i n e e r s .  The  n u l l  s h o u l d  be c h e c k e d  a t  i n t e r v a l s  
i n  a c c o r d a n c e  w i t h  t h e  p r o c e d u r e  n o t e d  i n  item 1. 
C o n d u c t  up  t o  s i x  
With s y s t e m  o p e r a t i n g  p r o p e r l y ,  proceed w i t h  t h e  formal c a l i -  
b r a t i o n  test f o r  t h e  George M a r s h a l l  Space F l i g h t  C e n t e r .  If 
a n d  when a m a l f u n c t i o n  i s  n o t e d ,  i t  i s  r e q u e s t e d  t h a t  a t es t  
a t  t h e  same f l o w  r a t e  be r e p e a t e d .  If t h e  m a l f u n c t i o n  c o n -  
t i n u e s ,  t h e  flowmeter s h o u l d  be allowed t o  w a r m  t o  a temp- 
e r a t u r e  above t h e  d e w  p o i n t ,  removed, a n d  i n s p e c t e d  b y  Wyle 
a n d  P i o n e e r - C e n t r a l  p e r s o n n e l  t o  e s t a b l i s h  t h e  c a u s e .  Removal 
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p r i o r  t o  warming up above dew poin t  w i l l  cause we t t ing  of t h e  
i n t e r n a l  p o i n t s  and cause f u r t h e r  de lays  t o  thoroughly dry t h e  
u n i t .  Any c o r r e c t i o n  necessary t o  flowmeter o r  tes t  s t a n d  
ind ica ted  by a malfunction should be by mutual agreement between 
Wyle  personnel and Pioneer-Central  engineers .  Any d a t a  taken 
during t h e  per iod  when t h e  ope ra t ing  cond i t ions  a r e  o t h e r  than 
normal should be voided o r  an explana t ion  included with t h e  
d a t a .  
3 .  The t w o  phase flow tes ts  descr ibed  below should be t r e a t e d  
sepa ra t e ly  from those  above, s i n c e  they may o r  may n o t  be per- 
formed. I f  conducted, t h e y  should be scheduled s o  a s  t o  not 
i n t e r f e r e  w i t h  t h e  tes ts  given above. 
Conduct two phase flow t e s t  using some of t h e  same rates of 
flow a s  used i n  s i n g l e  phase flow t e s t s  prev ious ly  descr ibed .  
Such tests should inc lude  flow rates  spread over a s  much of t h e  
1.5 t o  15 l b s .  per  second range a s  poss ib l e .  Single  phase and 
t w o  phase t e s t  resu l t s  f o r  each r a t e  of flow used should be 
compared t o  determine e f f e c t  on flowmeter. 
I t  i s  requested t h a t  the  two approaches given below be con- 
s ide red :  
(a)  I n j e c t  warm helium o r  hydrogen gas a t  var ious  r a t e s  i n t o  
t h e  LH2 flow stream and check t h e  e f f e c t  on t h e  flowmeter. 
Repea t ,ab i l i ty  of t he  flowmeter readings  under va r ious  
cond i t ions  should be e s t a b l i s h e d .  
(b) I n j e c t  co ld  h e l i u m  o r  hydrogen gas of known q u a n t i t i e s  and 
ra tes  and determine accuracy and r e p e a t a b i l i t y  of t h e  
flowmeter under given two phase flow cond i t ions .  
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FLUID MEASUREEdENTS REQUIRED 
I n  order t o  meet t h e  demands  f o r  fas t  r e s p o n s e  a n d  e x t e n d e d  opera- 
t i o n  a t  c r y o g e n i c  t e m p e r a t u r e s ,  B e n d i x  P i o n e e r - C e n t r a l  D i v i s i o n ,  
u n d e r  c o n t r a c t  w i t h  NASA-Hunt sv i l l e ,  c o n s t r u c t e d  a p r o t o t y p e  LH2 
mass flowmeter s y s t e m .  The  s y s t e m  shown i n  F i g u r e  1 m e a s u r e s  
f l o w  rate b y  m a k i n g  t w o  separate m e a s u r e m e n t s  o n  t h e  f l u i d  p a s s i n g  
t h r o u g h  a pipe.  
(1) D e n s i t y  of t h e  f l u i d .  
(2) I n t e g r a t e d  drag force t h e  f l u i d  exerts upon a w i r e  s c r e e n  
placed i n  t h e  f l o w  stream. 
T h e s e  s e p a r a t e  a n a l o g s  are m u l t i p l i e d  t oge the r  t o  o b t a i n  a n  a n a l o g  
of mass f l o w  rate.  T h i s  a n a l o g  is l a t e r  i n t e g r a t e d  w i t h  time t o  
o b t a i n  a t o t a l  f l o w  i n d i c a t i o n .  T h e  a t t r a c t i v e  f e a t u r e s  of these 
s y s t e m  e l e m e n t s  are t h a t  t h e y :  
A r e  t h e o r e t i c a l l y  u n a f f e c t e d  b y  t w o  phase f l o w .  
R e q u i r e  o n l y  m i c r o s e c o n d s  t o  de tec t  n u l l  errors. 
P e r m i t  e l i m i n a t i o n  of f r i c t i o n  b e a r i n g s  a l l o w i n g  more 
a c c u r a t e  drag force m e a s u r e m e n t s  a n d  l o n g  term u n a t t e n d e d  
o p e r a t i o n  a t  c r y o g e n i c  t e m p e r a t u r e s .  
(4 )  A r e  n o t  s u b j e c t  t o  overspeed. 
(5) A r e  n o t  s u b j e c t  t o  f a t i g u e  f a i l u r e .  
The  t r a n s d u c e r  or  f l o w  d e t e c t i n g  e l e m e n t  a l so  i n c o r p o r a t e s  a 
c o u n t e r - b a l a n c e  so t h a t  t h e  t r a n s d u c e r  s h o u l d  t o  a large degree 
be i n s e n s i t i v e  t o  t h e  i n t e n s i t y ,  f r e q u e n c y  o r  o r i e n t a t i o n  of b o d y  
a c c e l e r a t i o n  forces.  As o r i g i n a l l y  d e s i g n e d ,  t h i s  p r o t o t y p e  was 
i n t e n d e d  f o r  s t u d y  a n d  e n v i r o n m e n t a l  tes ts  t o  p r o v e  a t h e o r y  a n d  
o u r  m e c h a n i c a l  a n d  e l ec t r i ca l  d e s i g n  c o n c e p t s .  
The  p r i n c i p l e s  upon w h i c h  t he  f l o w  s e n s o r  o p e r a t i o n  i s  based are 
w e l l  f o u n d e d  a n d  have been proven b y  n u m e r o u s  e x p e r i m e n t s .  T h e  
p r e s s u r e  d r o p  across a r o u n d  w i r e  s c r e e n  i n  t h e  form of a s q u a r e -  
mesh l a t t i c e  w a s  i n v e s t i g a t e d  b y  W. D. B a i n e s  a n d  E. G. P e t e r s o n ,  
An I n v e s t i g a t i o n  of Flow T h r o u g h  S c r e e n s , "  TRANS, ASME, J u l y ,  
1951, pp. 467-480. T h e y  f o u n d  t h a t  i r respec t ive  of t h e  flow 
v e l o c i t y  p r o f i l e ,  t h a t  t h e  pressure drop AP across a s c r e e n  of a 
g i v e n  form a n d  s o l i d i t y  r a t i o  was p r o p o r t i o n a l  t o  t h e  ra te  of e n e r g y  
l o s s  of t h e  f l o w  across t h i s  s c r e e n .  I n  terms of flow p a r a m e t e r s ,  
1 )  
4 p  = K  
?Voa'2 
where: 
AP l o c a l  p r e s s u r e  d r o p  ( a t  s c r e e n )  
Vo = s p a t i a l  mean v e l o c i t y  
p = mass d e n s i t y  a v e r a g e d  o v e r  t h e  screen 
K = p r e s s u r e  drop c o e f f i c i e n t  
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For a given screen form and s o l i d i t y  r a t i o ,  and above a screen 
Reynold ' s number, 
R = Vo b/$ 
where: I 
b = bar  w i d t h  I 
i J dynamic viscosi ty)A/mass d e n s i t y  ,- =rip a t  lo3 ,  no v a r i a t i o n  of K w i t h  R was observed. Thus t h e  d rag  fo rce  I 
AP A t  (where A t  = t o t a l  gcreen a r e a )  of t h e  f l u i d  on t h e  wire  
screen  i s  r e l a t e d  t o  eVo 
The expression desired though is  t h e  mass r a t e  of flow through t h e  
w i r e  screen o r ,  
by an unvaryipg cons t an t  above R = lo3.  I 
I 
M = B V o  l b s .  sec. '1ft.-2 
Thus by employing a t r i p  balance scheme, w e  balance t h e  screen  drag 
f o r c e  F w i t h  end a t t r a c t i n g  electromagnets .  Measuring t h e  balanc-  
i n g  cu r ren t  ( a t  a cons tan t  known magnet gap) where F oc 12, t h e  
electromagnet c u r r e n t  can be r e l a t e d  t o  t h e  screen  drag  a s ,  
gince p and Vo a r e  i n d e p e n d e n t  v a r i a b l e s ,  a measure of 
be obtained.  
m u s t  now 
I t  is  known t h a t  f o r  cryogenic f l u i d s  t h e  d i e l e c t r i c  cons t an t  € of 
t h e  medium i s  r e l a t e d  t o  i t s  d e n s i t y  p by t h e  Clausius-Mossot t i  
r e l a t i o n  ( w i t h  c e r t a i n  r e s t r i c t i o n s )  
t i -  1 1 = p  
€ +  2 f 
where P = s p e c i f i c  p o l a r i z a t i o n .  
By i n s e r t i n g  a s e t  of flow-through c a p a c i t o r  plates  i n  t h e  flow- 
s t ream, and measuring t h e  capac i tance  change which i s  p ropor t iona l  
t o  € , a measure of p is obtained.  
Operating e l e c t r o n i c a l l y  on t h i s  s i g n a l  s o  a s  t o  o b t a i n  fi , t h e  
magnet cu r ren t  r equ i r ed  f o r  n u l l  and t h e  modified c a p a c i t o r  s i g n a l  
may be e l e c t r o n i c a l l y  combined t o  g i v e  an output  s i g n a l  E Propor- 
t i o n a l  t o  mass r a t e  of flow o r ,  
E o r V 0 J p  
01' E p vo 
Therefore ,  E oc M l b s .  sec. ' l f t . '2  
The m e c h a n i c a l  a n d  e l e c t r i c a l  make-up of t h e  f l o w m e t e r  s y s t e m  t h a t  
w a s  n e e d e d  t o  o b t a i n  t h i s  f i n a l  o u t p u t  s i g n a l  i s  d i s c u s s e d  i n  t h e  
n e x t  s e c t i o n .  
S i n c e  t h i s  LH2 mass f l o w m e t e r  i s  based on  o p e r a t i o n a l  p r i n c i p l e s  
t h a t  h o l d  f o r  a l l  n o n - p o l a r  c r y o g e n i c  f l u i d s ,  a mass f l o w m e t e r  
s y s t e m  may be d e s i g n e d  u s i n g  these same p r i n c i p l e s ,  t o  operate over  
d i f f e r e n t  f l o w  r a n g e s  f o r  t h e  same f l u i d  a n d  w i t h  v a r y i n g  f l o w  
r a n g e s  for other  f l u i d s .  
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SYSTEM COMPONEN,TS DEVELOPED 
A .  Flow a n d  D e n s i t y  Secsors 
The  p r e s e n t  f lowmet,er  p r o t c t y p e  ( s e e  F i g u r e  1) a n d  pho tographs  
has a th ree  ( 3 )  i n c h  diameter f l o w  c h a n n e l  a n d  f o u r  ( 4 )  i n c h  
m o u n t i n g  f l a n g e s  (Marmon-Aeroquip " C o n o s e a l " )  a t  each e n d  f o r  
m o u n t i n g  i n  a t h r e e  ( 3 )  i n c h  l i n e .  T h e  h o u s i n g  i s  o n e  piece 
s t a i n l e s s  sr.ee1 a n d  t h e  f l a n g e s  are i n t e g r a l .  The  e n l a r g e d  
f l a n g e  i s  t o  permit ,  assembly access t o  t h e  d e n s i t y  a n d  force  
s e n s o r s ,  a n d  t o  keep  r h e i r  m o u n t i n g  r i n g s  o u t  of t h e  m a i n  f l o w  
c h a n n e l  
The  d e n s i t y  s e n s i n g  p l a t e s  a re  of welded s t a i n l e s s  s tee l  
honeycomb,  s i l v e r  braz,ed i n t o  a s t , a i n l e s s  s teel  r i n g .  Tney  
are i n s u l a t e d  e l e c t r i c a l l y  from t h e  h o i s i n g  a n d  each o the r .  
T h e i r  a d j a c e n t  honeycomb f a c e s  a re  t h e  p l a t e s  o f  a f i x e d  gap 
capac i tor  t h r o u g h  w h i c h  f l u i d s  may f l o w .  E l e c t r i c a l  leads t o  
these p l a t e s  a re  T h r o u g h  f u s e d  g lass  i n s u l a t e d  f e e d - t h r o u g h s  
s i l v e r  brazed i n t o  t h e  h o u s i n g .  T h e r e  i s  a s e t  of d e n s i t y  
p l a t e s  o n  each s i d e  of t h e  f o r c e  s c r e e n  t o  p r o v i d e  a d d i t i o n a l  
a c t i v e  ( w o r k i n g )  c a p a c i t a n c e .  T h e  f i g u r e  shows o n e  se t  of 
p la tes .  
T h e  f o r c e  s c r e e n  a s s e m b l y  ( c r o s s c c i  W i r e s  moun ted  i n  a r i n g )  
a s s e m b l e s  t o  t h e  c o l l e c t o r  r i n g .  Force o n  t,he s c r e e n  ( f r o m  
f l o w )  i s  t r a n s m i t t e d  out,  o f  t h e  f l o w  charnber t h r o u g h  l e v e r s  
loca ted  r a d i a l l y  a b o u t  t h e  c o l l e c t o r  r i n g  ( w i t h  l e v e r  a x i s  
p e r p e n d i c u l a r  L O  t h e  m e t e r  a x i s ) .  T h e  l ~ , v e r s  h a v e  t h i n  metal  
d i s c s  a t t a c h e d  f o r  e n d  a n d  f u l c r u m  p i v o t s .  The i n n e r  a n d  
f u l c r u m  p i v o t  d i s c s  p r o v i d e  means  o f  h e r m e L i c a l l y  s e a l l n g  t h e  
l e v e r  t h r o . i g n  i,hc -7Cter w a l l  a n d  a r e  opposcd w i t h  r e spec t  t o  
pressure d i f f e r e n t i a l  so t h a t  i n t e r n a l  f l u i d  p r e s s u r e  c a u s e s  
n o  f o r c e  a1or.g t h e  l r l v e r  a x i s : .  The i n n e r  l e v e r  p i v o t  m o u n t s  
t o  t h e  c o l l e c t o r  r i n g .  
The  ou ter  p s v o t  d i s c s  m o u n t  t o  a r i g i d  a n n u l a r  frame t h a t  i s  
a t t a c h e d  t o  t h e  o u t s i d e  of t h e  h o d s i n g  t h r o u g h  t w o  a n n u l a r  t h i n  
metal s u p p o r t s .  
M o t i o n  i s  l i m i t e d  to  f o r e  a n d  a f t  parall t .1 t o  t h e  meter a x i s  
a n d  t h e  f o r c e  s c r e e r :  a n d  a n n u l a r  frarnc r e y i a i n  p e r p e n d i c u l a r  
t o  t h a t  a x i s .  T h e  f o r c e  s c r e e n  1s o n e  p l a t f o r m  a n d  t h e  a n n u -  
l a r  frame t h e  s t h c l r ,  of a r e t - e r s l n g  p l a t fo rm b a l a n c e .  A 
f o r c e  a n y w h e r e  o n  t h e  f a c e  of t h e  s c r e e n  may be m e a s u r e d  i n  
t h e  o p p o s i t e  d i r e c t l o r ,  a t  a n y  p o i n t  of 'he face  of the frame. 
The LH2 d r a g  i o r c e  o n  t h e  s c r e e n  v a r l e s  f rom 0 . 0 3  to 3.00 
l b s .  o v e r  t h e  1 . 5  t o  1 5  lbs / sec .  mass r a t e  o f  f l o w  r a n g e .  
The  a c t i v e  ( c e n t e r )  n h l l  c a p a c i t o r  p l a t e  a n d  t h e  :nagnet  p l a t e s  
are  mounted  t o  t-he a n n u l a r  frame. E a c h  of t h e  n u l l  c apac i to r  
p l a t e s  i s  i n  t h r e e  s e g m e n t s  t h a t  f o r m  a i l a t  r i n g  when m o u n t e d .  
The  f i x e d  ( o u t e r )  n u l l  p l a t e s  a n d  t h e  e l e c t r o m a g n e t s  a re  








mounted  t o  t h e  meter h o u s i n g .  The  t h r e e  ( s e g m e n t e d )  n u l l  
p l a t e s  are i n s u l a t e d  e l e c t r i c a l l y  f r o m  t h e  h o u s i n g  a n d  e a c h  
o t h e r .  
Two way s tops  a t  b o t h  e n d s  of t h e  l e v e r s  l i m i t  t h e  maximum 
t rave l  t o  a f e w  m i l s  t o  p r e v e n t  o v e r s t r e s s .  
The  o u t e r  pa r t s  c a u n t e r b a l a n c e  t h e  i n n e r  parts t h r o u g h  t h e  
levers m a k i n g  t h e  s y s t e m  i n s e n s i t i v e  t o  p o s i t i o n  a n d  accelera- 
t i o n  force.  The  p r o t c t y p e  h a s  a 2 t o  1 lever  r a t i o .  
A p r o t e c t i v e  s e a l e d  cc ive r  permits i n e r t  gas back f i l l i n g  f o r  
op t imum e l e c t r i c a l  s t a b i l i z y  a n d  i m p r o v e d  h e a t  t r ans fe r  b e t w e e n  
t h e  e n c l o s e d  pa r t s  f o r  q d i c k e r  t e m p e r a t u r e  s t a b i l i z a t i o n .  
The  p r o t o t y p e  h a s  t w o  sets of magnets f o r  m e a s u r i n g  forward or 
reverse f l o w .  By w i n g  l o w  m a g n e t i c  h y s t e r e s i s ,  h i g h  p e r -  
m e a b i l i t y  m a g n e t i c  materials, t h e s e  m a g n e t s  can g i v e  forces  
repeatable t o  0.006 l b s .  T h i s  r e p e a T a b i l i t y  i s  a c h i e v e d  when 
the rn?ig;~?ets PF n p r s t e d  over a n  0.06 t o  6.00 l b .  r a n g e ,  
n e c e s s i t a t e d  b y  t h e  1 : 2  balance arm r a t i o .  
T h e r e  are n o  s l i d i n g  or r o t a t i n g  p a r t s .  The  m i n s t e  amoun t  of 
t r a v e l  ( s e n s i t i v i t y )  r e q u i r e d  is  obta ined  b y  t h e  d e f l e c t i o n  of 
materials. T h e r e  are r e s t o r i n g  s p r i n g  forces b u t  t h e s e  do n o t  
a f f ec t  t h e  m e a s u r e m e n t  f u n c t i o n .  The  m e c h a n i c a l  a c c u r a c y  is 
d e p e n d e n t  o n  c a p a c i t o r  s t a b i l i t y  a n d  material h y s t e r e s i s .  
M e c h a n i c a l  s e n s i t i v i t y  and r e s p o n s e  t i m e  i s  d e p e n d e n t  on  t h e  
t o t a l  w e i g h t  o f  t h e  f o r c e  s e n s i n g  p a r t s  a n d  t h e  s t i f f n e s s  of 
t h e i r  s u s p e n s i o n .  
T h e  f o l l o w i n g  g r a p h  F i g u r e  2 s h o w s  t h e  v a r i a t i o n  o f  R e y n o l d s  
n u m b e r  w i t h  mass f l o w  of LH2 f o r  v a r y i n g  w i r e  g r i d  s izes .  A 
c h o i c e  of 0 . 0 4 1 "  diameter w i r e  s i ze  w a s  made, w h i c h  c a n  be 
s e e n  t o  be w e l l  o v e r  t h e  R e  = l o3  minimum. 
g r a p h ,  F i g u r e  3, w e  may f i n d  t h e  f o r c e  o f  t h e  f l o w  on  t h e  w i r e  
screen o v e r  t h e  d e s i g n  f l o w  r a n g e .  T h i s  is  t h e  force w h i c h  
m u s t  be b a l a n c e d  a n d  h e n c e  m e a s u r e d  b y  t h e  electromagnets i n  
t h e  force servo.  T h e s e  f o r c e s  v a r y  o v e r  a 100.1 range when 
f l o w  v a r i e s  over  a 10 .1  r a n g e .  
From t h e  n e x t  
S i n c e  t h e  d e n s i t y  ( p )  v e r s u s  d i e l e c t r i c  c o n s t a n t  ( € )  of h y d r o -  
g e n  i s  known t o  0.1% over a t h e o r e t i c a l l y  p o s s i b l e  o p e r a t i n g  
r a n g e  of 0 t o  .08 g/cc ( g a s  t o  l i q u i d  [ 1 4 O g ) ,  a f i t  t o  t h e  
data  c a n  be made. U s i n g  t h e  C l a u s i u s - M o s s o t t i  c o r r e l a t i o n  
( w h i c h  is  accurate  t o  0 .1%)  o f  d e n s i t y  v s .  d i e l e c t r i c  c o n s t a n t ,  
a best s t r a i g h t  l i n e  f i t  i s  made t o  t h e  d i e l e c x r i c  v a l u e s  com- 
p u t e d  from the C l a u s i u s - M o s s o t t i  c o r r e l a t i o n .  T h i s  f i t  is 
s h o w n i n  t h e  n e x t  g r a p h ,  F i g n e  4 ,  of d e n s i t y  v s .  LH2 dielec- 
t r i c  c o n s t a n t .  I t  is  ca lcu lab le  t h a t  t h i s  s t r a i g h t  l i n e  
f i t s  t h e  a v a i l a b l e  da t a  t o  0.1% (of E a t  0.08 g/cc> over t h e  
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By i m m e r s i n g  t h e  d e n s i t y  s e n s i n g  c a p a c i t o r s  i n  severa l  C a l i -  
b r a t i n g  mediums ( G N 2 ,  LNZ)~ t h e i r  a c t i v e  a n d  s t r a y  c a p a c i t a n c e  
i s  d e t e r m i n e d .  
v i o u s l y  o b t a i n e d ,  t h e  c h a n g e  i n  t h e  d e n s i t y  s e n s o r  c a p a c i t a n c e  
c a n  b e  f o u n d  o v e r  t h e  o p e r a t i n g  r a n g e .  T h i s  is shown i n  
F i g u r e  5 .  
With t h e  h e l p  of t h e  E v s .  p r e l a t i o n  pre-  
B .  E l e c t r o n i c s  R e a d o u t  
The  d e n s i t y  of t h e  f l o w i n g  ma te r i a l  i s  o b t a i n e d  from i ts  d i -  
e lec t r ic  c o n s t a n t  a n d  is  m e a s u r e d  b y  t w o  honeycomb p l a t e s  across 
t h e  f u l l  f l o w  area. The  a d j a c e n t  f a c e s  o f  t h e  honeycombs  are 
t h e  p la tes  of a f i x e d  gap c a p a c i t o r .  T h i s  provides  t h e  s e r v o  
w i t h  a n  i n s t a n t a n e o u s  c a p a c i t a n c e  ( d e n s i t y )  v a l u e .  
A s  p r e v i o u s l y  d i s c u s s e d ,  t h e  f o r c e  s c r e e n ,  a crossed w i r e  g r i d  
across t h e  f u l l  f l o w  area,  i s  s u p p o r t e d  on  a l e v e r  s y s t e m  w i t h  
sealed d i a p h r a g m s  a s  p i v o t s  a n d  f u l c r u m s .  The  s e n s i t i v e  n u l l  
capacitor p la te  i s  moun ted  o n  t h e  o u t e r  e n d s  of t h e  levers.  
The  f i x e d  n u l l  capac i tor  plates are moun ted  t o  t h e  h o u s i n g .  
Any force o n  t h e  s c r e e n  c a u s e d  b y  f l o w  c a u s e s  a s h i f t  i n  t h e  
n u l l  a n d  r e q u i r e s  a p r o p o r t i o n a l  f o r c e  from t h e  m a g n e t s ,  mounted  
a l s o  a t  t h e  o u t e r  l e v e l  e n d s ,  t o  restore i t .  The  s e r v o  s e n s e s  
t h i s  n u l l  s h i f t  a n d  i n s t a n t l y  p r o v i d e s  t h e  r e q u i r e d  power t o  
t h e  m a g n e t s .  
The  d e n s i t y  p r o p o r t i o n a l  c a p a c i t a n c e  a n d  t h e  k i n e t i c  e n e r g y  
p r o p o r t i o n a l  magne t  power is c o m b i n e d  e l e c t r o n i c a l l y  a n d  appears 
as a v a r y i n g  D.C.  o u t p u t  v o l t a g e  t h a t  i s  p r o p o r t i o n a l  t o  mass 
ra te  of f l o w .  
The  ra te  f l o w  e l e c t r o n i c s  i s  shown i n  F i g u r e  6 i n  block f o r m  
w i t h  t h e  f o r c e  s e r v o ,  t h e  d e n s i t y  s e rvo  a n d  t h e  m u l t i p l i e r  
e l e c t r o n i c s .  The d e n s i t y  a n d  force  servos are blocked o u t  i n  
greater d e t a i l  i n  F i g u r e s  7 a n d  8. 
The  force servc is a p h a s e  l o c k e d  c a p a c i t a n c e  servo. A d i g i -  
t a l  f e e d b a c k  c i r c u i t  is i n c o r p o r a t e d  w h i c h  f e e d s  b a c k  a n  a n a l o g  
s ta i rcase t o  t h e  m a g n e t s  t o  a p p l y  f o r c e  t o  t h e  t r a n s d u c e r  
oppos i t e  t h a t  a p p l i e d  a g a i n s t  t h e  f c r c e  s c r e e n .  R e l a t i v e  
movement i s  s e n s e d  b y  t h e  c a p a c i t o r  i n  t h e  z r a n s d u c e r s  a t tached 
t o  t h e  s c r e e n .  A s e n s i t i v e  c a p a c i t a n c e  b r idge  detects a n  un- 
b a l a n c e  of less t h a n  t e n  m i c r o i n c h e s .  T h i s  u n b a l a n c e  i s  c o n -  
v e r t e d  t o  a D.C.  v o l t a g e  i n  t h e  p h a s e  n u l l  detector .  I n  t u r n ,  
t h i s  commands t h e  sfaircase g e n e r a t o r  t o  i n c r e a s e  or decrease 
i n  m a g n i t u d e  b y  r e v e r s i n g  a c o u n t e r  from w h i c h  t h e  s ta i rcase  
i s  b e i n g  der ived.  
S i n c e  t h e  minimum c h a n g e  i n  f e e d b a c k  is o n e  s t e p  of t h e  s t a i r -  
case,  there is  a + o n e  c o u n t  h u n t  a r o u n d  a n u l l  p o i n t .  T h e r e  
are 1024 i n t e g e r  st.eps u s e d  i n  t h e  s ta i rcase .  
T h i s  h u n t i n g  r e d u c e s  t r a n s d u c e r  damping  problems. An a n a l o g  
of t h e  force o u t p u t  i s  obtained b y  m e a s u r i n g  t h e  c u r r e n t  f e e d -  
back t o  t h e  m a g n e t s .  The  f o r c e  o u t p u t  o f  t h e s e  m a g n e t s  is  pro- 
p o r t i o n a l  t o  t h e  square of t h e  c u r r e n t  a n d ,  t h e r e f o r e ,  a 
v o l t a g e  i s  o b t a i n e d  p r o p o r t i o n a l  t o  t h e  square root  o f  f o r c e .  
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T h i s  o u t p u t  is  l a t e r  m u l t i p l i e d  b y  t h e  s q u a r e  root  of d e n s i t y  
( Jp ) a n d  mass f l o w  r a t e  is o b t a i n e d .  
\Ip Mass f l o w  rate = M = ( V O  Jp 
= p vo 
The  d e n s i t y  servo i s  a l s o  a c a p a c i t a n c e  phase  locked servo.  
I n  t h i s  case, a n o n - h u n t i n g  f e e d b a c k  loop i s  u s e d .  A f i e l d  
e f fec t  t r a n s i s t o r  is used as a n  e l e c t r o n i c  p o t e n t i o m e t e r  t o  
v a r y  A . C .  feedback v o l t a g e  f e e d  t o  m a i n t a i n  b r idge  b a l a n c e .  
A s t r a i g h t  l i n e  a p p r o x i m a t i o n  o f  t h e  s q u a r e  root  o f  d e n s i t y  
is u s e d  t o  o b t a i n  a n  a n a l o g  o u t p u t .  T h i s  s t r a i g h t  l i n e  is  
o b t a i n e d  b y  a d j u s t i n g  br idge c o n s t a n t s .  A c c u r a c y  i s  n o t  i m -  
pa i red  s i n c e  t h e  d y n a m i c  r a n g e  o f  d e n s i t y  i s  r e l a t i v e l y  small .  
The  force a n d  d e n s i t y  a n a l o g s  are m u l t i p l i e d  t o g e t h e r  u s i n g  
a n  e l e c t r o n i c  e q u i v a l e n t  of a motor d r i v e n  p o t e n t i o m e t e r .  
( u r i v e i l  p o t e i i t i ~ i x t c r s  z re  crrmmnnl y I I R F ? ~  i n  analog: c o m p u t e r s  
t o  m u l t i p l y . )  A f i e l d  e f f e c t  t r a n s i s t o r  is  u s e d  i n  a special  
c i r c u i t  a r r a n g e m e n t  t o  a c c o m p l i s h  t h i s  r e s u l t .  
# -  . 
The  m u l t i p l i e r  is i n c l u d e d  w i t h i n  t h e  closed loop of t h e  
d e n s i t y  s e r v o ,  as  is  a l l  o f  the  c i r c u i t .  T h i s  r e d u c e s  d r i f t  
problems. 
A t o t a l i z e r  is  o b t a i n e d  b y  mak ing  a n  a n a l o g  t o  d i g i t a l  c o n -  
v e r s i o n  of t h e  ra te  f l o w  a n a l o g .  The  d i g i t a l  number  is  
sampled a t  a f i x e d  r a t e  a n d  a c c u m u l a t e d  i n  a m e c h a n i c a l  
c o u n t e r  ( S e e  F i g u r e  1 2 ) .  
To g ive  a n  idea o f  t h e  manner  i n  which t h e v  is o b t a i n e d  
when E o u t  = K,CI 
b i n e d ,  w e  c o n s i d e r  t h e  f o l l o w i n g  graphs.  
a n d  Eout K V q  are e l e c t r o n i c a l l y  com- 
I n  F i g u r e  9 w e  p l o t  P v s .  @ a n d  se t  t h e  maximum a n d  
minimum allowable r a n g e  of p .  T h i s  now sets t h e  r a n g e  of F. 
T h u s  i f  p covers the  100% t o  50% of e max. r a n g e ,  w e  make a 
best s t r a i g h t  l i n e  f i t  t o  p v s .  . Making  t h e  f i t  t h r o u g h  
t h e  55% a n d  95% of P max. p o i n t s ,  a c h a n g e  of P from 55% p max. 
t o  95% P max. s h o u l d  c h a n g e p  from 2 . 1  t o  2.75. T h i s  is a 
65/2.75% = 23.64% c h a n g e  of t h e  J.95p max. s i g n a l .  From 
t h e  same l i n e ,  max. t o  50% p max. c a u s e s  a 28.87% 
e l e c t r o n i c a l l y  c o m b i n e d ,  t h e  K P  s i g n a l  mus t  e L e c t  t h e  7 max. 
s i g n a l  s u c h  t h a t  when K g o e s  100% t o  5 0 % ~  max., Vp goes 100% 
t o  71.13% o f  V p  max. 
G o i n g  back t o  t h e  graph  o f  C vs .  p ( F i g u r e  5) f o r  t h e  d e n s i t y  
s e n s o r ,  t h e  C v s .  Eout  = KP i s  p l o t t e d  t o  d e t e r m i n e  t h a t  i t  
is  a s t r a i g h t  l i n e .  T h i s  is g i v e n  b y  F i g .  10. I n  F ig .  11 
now is a p l o t  of t h e  a c t u a l  v a r i a t i o n  of E o u t  = e V  f o r  a 
i n  ,/-. u s  when t h e  KP a n d  K V/- 
P 
s i g n a l s  are 
25 
95% [ rnax. t o  55%+ max. change i n  C o r  t h e  K P  s i g n a l .  
shou d be E o u t  v a r i e s  b y  23.6% as C p r o p o r t i o n a l  t o r  
v a r i e s  over  t h e  =cP- 95% p max. t o  c oc 55% f max. ope ra t ing  
r a n g e .  








PEWORMANCE TESTS OF SYSTEM 
1 A .  S t a t i c  T e s t s  
I n  order t o  assess t h e  a c c n r a c y  of t h e  r e q u i r e d  s y s t e m  m e a s u r e -  
m e n t s ,  
1) F l u i d  f l o w  d r a g  force 
2) F l u i d  d e n s i t y  
3) F l u i d  mass flow r a t e  
a series of c h e c k - c d t  tes ts  are p e r f o r m e d  o n  t h e  f l o w m e t e r  
c o m p o n e n t s  a n d  sysr,em. T y p i c a l  of t h e s e  tests are: 
1) C u r r e n t  t h r o i l g h  m a g n e t s  n e e d e d  t o  b a l a n c e  ca l ibra ted  w e i g h t s  
f o r  known w e i g h t s  
se t  o n  f l o w  s c r e e n .  Tnesa t e s t s  are c o n d u c t e d  b y  o b s e r v i n g  
t h e  e l e c t r o n i c  readcat s i g n a l  EOvt = KVF 
( a c c u r a t e  t o  0.1%). S i n c e  a t  a f o r c e  n u l l  t h e  magne t  
c u r r e n t  I2 i s  p r o p o r t i o n a l  t o  t h e  f o r c e  F a p p l i e d  t o  t h e  
m a g n e t i c  s l a g  (to b a l a n c e  t he -app l i ed  s c r e e n  l o a u j ,  a n a  r' 
i n  t u r n  is  p r o p o r t i o n a l  a p l o t  of E o u t  KVG v s  
\ / l o a d i n g  we igh t  or I v s  shoclld be a s t r a i g h t  repeat- 
able l i n e .  The  r e p e a t a b i l i t y  of t h i s  l i n e  is  i n d i c a t i v e  
o f t h e  n u l l  r e p e a t a b i l i t y  of t h e  f o r c e  s e n s o r ,  t h e  h y s t e r e s i s  
of m e c h a n i c a l  a n d  magnetic c o m p o n e n t s ,  a n d  s e n s i t i v i t y  of 
t h e  force servo .  T h e s e  t e s t s  are c o n d u c t e d  a t  p r e s s u r e s  
a n d  temperatures a t  t h e  f l o w  s e n s o r  expected d u r i n g  a c t u a l  
o p e r a t i o n .  
2) O u t p u t  of d e n s i t y  s e r v o ,  Eout; = K p P  p e r  v a r i s a s  c a l ib ra t ed  
i n p u t  c a p a c i t a n c e .  H e r e  t h e  d e n s i t y  s e n s o r  is replaced 
b y  a ca l ibra ted  t h  r e e - t e r m i n a l  v a r i a b l e  c a p a c i t o r .  The  
o u t p u t  of t h e  d e n s i t y  s e r v o  is t h e n  recorded f o r  s i n u l a t e d  
o p e r a t i o n a l  c a p a c i t a n c e  v a l u e s .  S i n c e  t h e  ac t ive  a n d  s t r a y  
c a p a c i t a n c e  of t h e  d e n s i t y  s e n s o r  is  known b y  a c t u a l  m e a s u r e -  
m e n t ,  t h e  s i m u l a t e d  c a p a c i t a n c e  v a l u e s  c a n  r e a d i l y  be u s e d  
t o  check t h e  operat ional  p e r f o r m a n c e  of t h e  e l e c t r o n i c  
r e a d o u t  of t h e  f l u i d  d e n s i t y .  
- 
3) O u t p u t  of ra te  s e r v o ,  Eo,t = p V ,  f o r  ca l ibra ted  l o a d i n g  
of t h e  force  s c r e e n  and c a l i b r a t e d  s i m u l a t i o n  o f  d e n s i t y  
s e n s o r  c a p a c i t a n c e .  S i n c e  t h i s  s e r v o  c o m b i n e s  t h e  
E = KIV$ a n d  Eoat  = K 2 p  t o  f o r m  E o u t  = K3,3V, checks 
oy'fjhis c o m b i n i n g  are  made b y  v a r y i n g  t h e  load o n  t h e  
force s c r e e n  a n d  s i m u l a t e d  d e n s i t y  s e n s o r  c a p a c i t a n c e .  
If a plo; i s  now made of E o u t  = K 3 p  v s  d l o a d i n g  we igh t  
f o r  c o n s t a n t  v a l a e s  o f  t h e  d e n s i t y  s i m u l a t i n g  capaci tor ,  
( d . s . ~ . ) ~  t h e  p o i n t s  ob -ka ined  s h o u l d  l i e  on  a s t r a i g h t  
l i n e .  One s x r a i g h a :  l i n e  should be o b t a i n e d  f o r  e a c h  d . s .c .  
s e t t i n g ,  when t h e  l o a d i n g  w t .  goes f r o m  zero t o  f u l l  scale.  
I n  a d d i t i o n  t h e  c h a n g e  i n  Eo = K 3 7 ,  w i t h  a c o n s t a n t  
l o a d i n g  w e i g h t ,  f o r  a p e r c e n t a g e  s p a n  of maximum d e n s i t y  
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(e .g .  55% t o  95% max.) should corrcspond a s  nea r ly  as 
poss ib l e  
That i s ,  if t h e  d e n s i t y  changes from 100% t o  50%? s i n c e  
t h e  f o r c e  se rvo  has a 6 f a c t o r ,  t h e  change i n  E o u t  = K 3 7  
con t r ibu ted  by t h e  d e n s i t y  se rvo  shculd only correspond 
t o  t he  change i n  o r  Eout goes from 100% t o  70.7% when 
t h e  d e n s i t y  s imula t ing  c a p a c i t o r  changes fram 100% t o  50% 
of i t s  span. Now a l s o  s i n c e  t h e  dp i s  approximated by a 
bes t  f i t  s t r a i g h t  l i n e  between 100% ,D max. and 50% f~ max., 
a change of t h e  d . s . c .  t o  s i m u l a t e  a 100% p max. t o  7 5 % ~  
max. should change Eo,t K 3 7  only one-half a s  much a s  
a 100% p max. t o  50% p max. d . s . c .  change (Figure 1 3 ) .  
with  t h e  percentage change i n  E o u t  = ( K 3 V q )  ($1. 
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io;%= Applied E o u t  - G u t  = 
PV Weight ( E  pf)* (38 pf)* 
32 2.680 5.656 3.434 4.315 
16 1.890 4.000 2.429 3.053 
8 1.334 2.828 1.717 2.152 
4 . o x =  2 .  CInn 1.217 1.520 
2 .672 1.414 .868 1.079 
1 .476 1.000 ,616 .761 
0.5 .338 .707 .439 .538 
O A A  
*Density simulating capacitance 
NULL AND FORCE REPEATABILITY CHECKS 
Applied Weight Eoat = K v@ 


























FORCE REPEATABILITY CHECK 
Cold tes ts  i n  LN2 - Force app l i ed  by c a l i b r a t e d  c u r r e n t  app l i ed  t o  
opposing magnets. Record app l i ed  c u r r e n t  equ iva len t  vo l t age  on 
oppos i t e  magnets necessary t o  give same va lue  on Eo,t K V q  . 
Eout K V G  
2.680 













F i r s t  









Second Third Fourth 
T r i a l  T r i a l  T r i a l  
3.226.C 3.233 4 
2.266 2.278 2.268 
1.597 1.600 1.591 
1.122 1.124 1.128 
.788 .789 .798 
.538 .548 .561 
.362 ,385 
+ 
FORCE REPEATABILITY CHECK 
Eopposing (Voltage drop  
magnets a c r o s s  50 ohm Order Order 
r e s i s t o r )  of of 
3.073 3.073 @ 3.070 @ 3.073 ( 
1.634 r:: 1.152 @1.147@1.14! 
.815 .818 .814 
.572 .577 .569 
.400 .397 0 .396 @ 





FORCE REPEATABILITY CHECK 
Nulled wi th  w i r e  hook on sc reen ,  forward,  v e r t i c a l .  
Weight on 
Screen Ozs.  F i r s t  Second Third Four th  F i f t h  S ix th  Seventh Eighth  
Eost = KV Jp 

















*'opposing magnets (Voltage drop a c r o s s  50 ohm 
r e s i s t o r )  
2.500 3.062t 3.0674 3.068. 3.071+ 
1.890 2.317 2.320 2.323 2.3264 
1.334 1.640 1.644 1.643 1.643 
.944 1.164 1.160 1.163 1.178 1.165f1.175 1.1684 
.672 .832 .831 .835 .835 
.476 .588 .589 .596+ .602 
.339 .418 .430+ .444 .445 
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B. Dynamic T e s t s  
A g a i n  t o  assess t h e  a c c u r a c y  of t h e  requi red  s y s t e m  m e a s u r e -  
m e n t s ,  
1) F l u i d  f l o w  drag  force 
2) F l u i d  d e n s i t y  
3) F l u i d  mass f l o w  ra te  
t h e  t h i r d  m e a s u r e m e n t  i n  p a r t i c u l a r ,  a c t u a l  f l u i d  f l o w  tests 
m u s t  be made. W h i l e  t e s t a  of t h e  1 a n d  3 m e a s u r e m e n t  a c c u r a c i e s  
c a n  be made i n  a n y  f l u i c i  o f  known d e n s i t y ,  t h e  i n f o r m a t i o n  ob- 
t a i n e d  mus t  s t i l l  be c o r r e l a t e d  w i t h  ac tua l  p e r f o r m a n c e  i n  
LH2. The  main  e f f e c t  t o  b e  s tud ied  i s  p e r f o r m a n c e  o f  t h e  f l o w  
s e n s o r  a t  t h e  e x t r e m e l y  l o w  temperature (2O0K) e n c o u n t e r e d  
w i t h  LH2 f l o w .  T h u s ,  t h r e e  LH2 f l o w  tes ts  h a v e  b e e n  c o n d u c t e d  
t o  date o n  t h e  LH2 =ass f l o w  meter. 
I n  o rder  t o  f u n c t i o n  a c c u r a t e l y ,  t h e  f o r c e  s e n s o r  mus t  be 
z s l l e d  2g;l inst  zero f l o w  f o r c e ,  a n d  t h i s  n u l l  c a n n o t  s h i f t  
( m e c h a n i c a l l y  or e l e c t r i c a l l y )  s o  as t o  c a u s e  a r e a d o u t  error  
of more t h a n  0.5% of f x l l  s ca l e  i n d i c a t e d  mass ra te  o f  f l o w .  
The  other 0.5% of f u l l  scale mass ra te  of f l o w  error is  reserved 
f o r  n o n - r e p e a t a b i l i t y  cf t h e  s y s t e m  d u e  t o  i n s e n s i t i v e n e s s  t o  
f l o w  c h a n g e s  ( lack of r e s o l u t i o n ) .  While a p r e l i m i n a r y  i n d i -  
c a t i o n  of these s h i f t s  c a n  be o b t a i n e d  b y  s t a t i c  t e s t i n g  as pre- 
v i o u s l y  o u t l i n e d ,  t h e  e f f e c t  of d y n a m i c  forces on  t h e  f l o w  a n d  
d e n s i t y  s e n s o r s  c a n  o n l y  be  assessed b y  f l o w  tests p r e f e r a b l y  
u n d e r  a c t u a l  LH2 c o n d i t i o n s .  
P r e l i m i n a r y  f l o w  t e s t i n g  a t  H u n t s v i l l e  w i t h  LN2 a n d  LH2 w a s  
e n c o u r a g i n g  a n d  t h e  c n l y  p r o b l e m s  seemed t o  be t h e  l o n g  cool- 
i n g  t i m e  r e q u i r e d  a n d  some n c l l l i n g  d i f f i c u l t y  w i t h  LH2 d u e  t o  
t h e  i n a b i l i t y  o f  t h e  s t a n d  t o  hold a q u i e s c e n t  c o n d i t i o n  i n  t h e  
meter l o n g  e n o u g h  t o  o b t a i n  a s a t i s f a c t o r y  n u l l  a d j u s t m e n t .  
I t  w a s  agreed t h a t  t h e  u n i t  was r e a d y  f o r  c a l i b r a t i o n  t e s t  a n d  
t h a t  t h e  Wyle e q u i p m e n t  wou ld  be capable of p r o v i d i n g  proper 
n u l l i n g  c o n d i t i o n s .  
The  first test  a t  Wyle w a s  stopped d u e  t o  la rge  q u a n t i t i e s  of 
f o r e i g n  material  i n  t h e i r  s y s t e m  t h a t  d i sab led  t h e  honeycomb 
d e n s i t y  s e n s o r s .  I t  w a s  a l s o  d e t e r m i n e d  t h a t  a n u l l  i n s t a b i l i t y  
problem e x i s t e d  w h i c h  r e q u i r e d  f u r t h e r  s t u d y  t es t  p r i o r  t o  
r e r u n n i n g  t h e  ca l ib ra t ion  tes t .  
T h e  d e n s i t y  s e c t i o n s :  were r e b u i l t  t o  repair  t h e  damage, a 
vacuum tes t  t a n k  made, and s t a t i c  tests w i t h  LH i n  t h e  meter 
s t a r t ed .  
T h i s  c o n f i r m e d  t h e  e x i s t e n c e  of a n u l l  i n s t a b i l i t y  p r o b l e m  a n d  
t h e  vacuum cover on  t h e  meter w a s  r emoved  fo r  t h e  f irst  time 
t o  f i n d  i t s  c a u s e .  
3 1  
B o t h  of t h e  o u t e r  s u p p o r t  d iaphragms ( f l a t  when i n i t i a l l y  
assembled) were bdckled i n  t h e  r e g i o n  of t h e  three i n t e r m e d i a t e  
o u t e r  t i e  p o i n t s .  T h i s  w a s  c a u s e d  b y  large t e m p e r a t u r e  d i f f e r -  
e n t i a l  on c o o l i n g  b e t w e e n  t h e  i n s i d e  of t h e  s u p p o r t  (clamped 
t o  t h e  h o u s i n d a n d  t h o  o u t s i d e  clamped a t  s i x  p o i n t s  t o  t h e  
o u t e r  s e n s i t i v e  ( m o v i n g )  f r a m e .  T e n s i o n  i n  t h e  s u p p o r t  d u r i n g  
cool  down w a s  s u f f i c ~ c n t  t o  a l l o w  i t  t o  p u l l  o ~ t  a t  t h e  three 
i n t e r m e d i a t e  p o i n t s .  T h e s e  p o i n t s  o n  e a c h  of t h e  s u p p o r t s  are 
c l a m p e d  w i t h  o n e  screw. The other th ree  p o i n t s  o p p o s i t e  t h e  
h o u s i n g  l e v e r  bosses are  clamped w i t h  t w o  screws, a n d  b e i n g  
q u i t e  c l o s e  t o  t h e  three la rge  h o u s i n g  bosses p r o b a b l y  do n o t  
see a s  much t e m p e r a t u r e  d i f f e r e n t i a l .  S l i p p i n g  a t  t h e  three 
i n t e r m e d i a t e  p o i n t s  w o u l d  a l so  al low t h e  o u t e r  frame t o  d i s -  
t o r t  a n d  r e l i e v e  stress a t  t h e  o t h e r  p o i n t s .  
E v e r y t h i n g  e l se  seemed 50 be co r rec t  a n d  i t  w a s  agreed t h a t  n o  
a d d i t i o n a l  s l i p p i n g  woald o c c u r  i n  t h a t  i t  had provided i t s e l f  
w i t h  t h e  n e c e s s a r y  s l a c k ;  t h e r e  b e i n g  i n s u f f i c i e n t  s t i f f n e s s  
i n  t h e  s u p p o r t  f o r  i t  t o  p u s h  i t s e l f  back. F u r t h e r  s t u d y  a n d  
s t a t i c  t e s t i n g  a t  r u n n i n g  t e m p e r a t u r e  i n d i c a t e d  t h a t  a s p e c i a l  
t e s t i n g  t e c h n i q u e  m i g h t  be s e t  u p  f o r  p r e v e n t i n g  t h e  n u l l  
s h i f t s  c a u s e d  b y  t h e  b u c k l e d  s u p p o r t s .  LH2 t e s t i n g  w a s  t h e n  
s t a r t e d  w i t h  t e m p o r a r y  s e rvo  m o d i f i c a t i o n  t h a t  w o v l d  p e r m i t  
a p p l y i n g  e x t e r n a l  power t o  t h e  u n u s e d  (oppos i t e )  se t  of m a g n e t s .  
The  meter cover  w a s  replaced b u t  n o t  sealed t o  a l so  see i f  t h i s  
w o u l d  be a s a t i s f a c t o r y  method f o r  t e s t i n g .  T n i s  t o  a l low 
ease o f  s u b s e q u e n t  access t o  t h e  o u t e r  mechan i sm i f  r e q u i r e d .  
We were a b l e  t o  p r e v e n t  n u l l  s h i f t s  a t  LH2 t e m p e r a t u r e  b y  n o t  
a l l o w i n g  r e v e r s e  f l o w  forces  o n  t h e  meter d u r i n g  f o r w a r d  
o p e r a t i o n  a n d  v i c e  versa .  
T h i s  w e  f e l t  codld be accomplished d u r i n g  t h e  c a l l b r a t i o n  t es t  
b y  a p p l y i c g  s u f f i c i e n t  e x t e r n a l  power t o  t h e  reverse f l o w  mag- 
n e t s  b e t w e e n  r u n s  w h i l e  t h e  c a l i b r a t i o n  t a n k  w a s  b e i n g  r e f i l l e d  
a n d  a d e c i s i o n  w a s  made t o  t e s t  i n  t h i s  m a n n e r  r a t h e r  t h a n  t o  
m o d i f y  t h e  meter. A n  a d d i t i o n a l  s t a t i c  tes t  w i t h  LH w a s  
made t o  r e a f f i r m  t h i s  method a n d  t h e  u s e  o f  a n  u n s e a  ? ed cover .  
I n i t i a l  t e s t s  a t  Wyle showed t h a t  t h i s  method of p r e v e n t i n g  
n u l l  s h i f t  w a s  n o t  s a t i s f a c t o r y  u n d e r  d y n a m i c  c o n d i t i o n s  a n d  
a d e c i s i o n  w a s  made t o  m o d i f y  t h e  meter b y  r e m s v l n g  t h e  t h ree  
i n t e r m e d i a t e  p o i n t s  i n  each of t h e  s u p p o r t s  b y  c u t t i n g  a sec- 
t i o n  o u t  of each. 
N u l l  c h a r a c t e r i s t i c s  d u r i n g  cool  down p r i o r  t o  t e s t i n g  f o l l o w -  
i n g  t h e  m o d i f i c a t i o n  were e v e n  be t t e r  t h a n  expected.  N o  
s u d d e n  c h a n g e s  o c c u r r e d  a s  p r e v i o u s l y  n o t e d .  'The n u l l  s h i f t e d  
g r a d u a l l y  d u r i n g  cool  down a n d  when s t a b i l i z e d  w o u l d  repeat 
fOllOWing forward f l o w s  a n d  reverse  f l o w s  (p r l . o r  t o  t es t )  
w i t h o u t  e x t e r n a l  power t o  t h e  oppos i t e  m a g n e t s .  
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A t  s t a r t  of t h e  test f o r  t h e  f i r s t  f e w  r u n s  t h e  n u l l  w a s  s t e a d y  
t h e n  s h i f t i n g  s ta r ted  a n d  became p r o g r e s s i v e l y  worse. R e a d j u s t -  
men t  a l so  became more a n d  more d i f f i c u l t  a n d  a t  t h e  e n d o f  t h e  
t es t  i t  s u d d e n l y  became impossible t o  f i n d  t h e  n u l l .  
I 
I 
I t  w a s  l a t e r  l e a r n e d  t h a t  t h e  vacuum pump w a s  n o t  o n  t h e  cham- 
ber d u r i n g  t h e  t e s t ,  (it w a s  o n  fo r  a l l  p r e v i o u s  t e s t i n g )  
t h a t  t w i c e  d u r i n g  t h e  t es t  i t  w a s  p u t  on  t h e  chamber t o  restore 
i t s  vacuum. 
I 
I 
B o t h  times i t  w a s  n o t e d  t h a t  t h e  l i n e  a n d  meter b e t w e e n  r u n s  
w a r m e d  so  as n o t  t o  hold l i q u i d  a t  a l l  b e t w e e n  r u n s  a n d  pump- 
i n g  a t  t h e  e n d  of t h e  tes t  res tored what seemed t o  be n o r m a l  
meter ope ra t ion .  
I t  i s  o u r  c o n t e n t i o n  t h a t  f r o s t  a c c u m u l a t i o n  o n  t h e  o u t e r  
s e n s i t i v e  par t s  a n d  a b n o r m a l  t e m p e r a t u r e  v a r i a t i o n  ( a l l  c a u s e d  
b y  t h e  vacuum c o n d i t i o n )  p r e v e n t e d  a r e p r e s e n t a t i v e  t e s t .  
?Aeter f n n c t i c ~  nhcerved d i i r i n g  cool down: o n  r u n s  p r i o r  t o ,  a n d  
f o r  t h e  f i rs t  f e w  t es t  r u n s  i n d i c a t e d  t h a t  t h e  m o d i f i c a t i o n  
removed or s a t i s f a c t o r i l y  r e d u c e d  t h e  n u l l  s t a b i l i t y  problem 
a n d  t h a t  t h e  da ta  recorded w o u l d  have b e e n  much be t te r .  
T h e  l o s s  of vacuum p r e v e n t e d  q u i e s c e n t  c o n d i t i o n  b e t w e e n  r u n s  
f o r  a c c u r a t e  n u l l  observa t ion ,  s u b s e q u e n t  s t a t i c  t es t  a n d  exam- 
i n a t i o n  s u p p o r t  t h e  above. 
T h e  f o l l o w i n g  g r a p h s  g ive  t h e  da ta  r e d u c e d  from t h e  recorded 
o u t p u t s  of t h e  B e n d i x  E l e c t r o n i c  R e a d o u t  d u r i n g  t h e  t w o  pe r iods  
of Wyle tests. 
A l s o  i n c l u d e d  f o r  cross r e f e r e n c e  p u r p o s e s  are  t h e  Wyle 
o u t p u t s .  
A p l o t  of t h e  B e n d i x  r a t e  of f l o w  o u t p u t  a g a i n s t  t h e  Wyle 
ra te  of f l o w  ( F i g u r e  15) shou ld  g i v e  a s t r a i g h t  l i n e .  I f  t h e  
B e n d i x  ra te  is  p l o t t e d  v e r t i c a l l y  a n d  t h e  Wyle ra te  h o r i z o n -  
t a l l y ,  t h e  h o r i z o n t a l  spread of t h e  B e n d i x  r a t e  s h o u l d  f a l l  
w i t h i n  a 1% b a n d  (of Wyle 15 lb/sec. f u l l  scale) .  When t h e  
extremes of t h i s  b a n d  are c o n n e c t e d ,  t h e y  form t w o  pa ra l l e l  
l i n e s  w i t h  t h e  s t r a i g h t  l i n e  of t h e  da ta .  
G e n e r a l l y ,  t h e  da t a  f a l l s  e q u a l l y  o n  e i t h e r  s ide of a best  
s t r a i g h t  l i n e  f i t .  B u t ,  i f  t h e  data f a l l s  more n e a r l y  o n  t w o  
p a r a l l e l  l i n e s ,  a n  e x p l a n a t i o n  is n e e d e d .  Two p a r a l l e l  l i n e s  
c o r r e l a t i n g  a g r o u p  of d a t a  p o i n t s  ar ise  from a c o n s t a n t  
fo rce  b e i n g  added t o  t h e  force s e r v o .  B e c a u s e  f l o w  e x i s t i n g  
d u r i n g  a fo rce  n u l l  d u r i n g  s u p p o s e d l y  q u i e s c e n t  c o n d i t i o n s  i s  
n e v e r  e x a c t l y  repea tab le ,  t h e  da ta  from s u c h  error w o u l d  n o t  
form a s e c o n d  pa ra l l e l  l i n e .  I n  f a c t ,  a c o n s i d e r a t i o n  of t h e  
r e s u l t a n t  c h a n g e  i n  m a g n e t  g a p  shows t h a t  s u c h  a n  error force 
a t  n u l l  w i l l  t i l t  
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, 
t h e  normal ze ro  n u l l  e r r o r  d a t a  l i n e  w i t h  r e s p e c t  t o  t h e  normal 
ze ro  n u l l  e r r o r  l i n e .  B u t  i f  no n u l l  e r r o r  i s  p r e s e n t ,  and a 
cons tan t  f o r c e  is added t o  t h e  flow f o r c e  dur ing  flow measure- 
ment, t he  r e s u l t  i s  a s e t  of two p a r a l l e l  l i n e s ;  one f o r  ze ro  
cons tan t  added f o r c e  and a second f o r  u n i t  cons t an t  added 
fo rce .  
I n  a flow sensor  of t h e  present  t ype ,  such a cons t an t  added 
fo rce  could be obtained from oi l -can  behavior  of p ivot  and 
s u p p o r t  diaphragms. These diaphragms i n  o i l -can  behavior  have 
two non-stable equi l ibr ium p o i n t s ,  e i t h e r  of which could con- 
t r i b u t e  a cons tan t  added e r r o r  fo rce  dur ing  flow. 
When t h e  Bendix t o t a l i z e r  d a t a  i s  cons idered ,  an empi r i ca l  way 
i s  a v a i l a b l e  t o  t r a c e  t h e  flow e r r o r s  back t o  the  f o r c e  senso r .  
Considering t h a t  t h e  r a t e  should c o n t r i b u t e  a t o t a l i z e r  e r r o r  
proportioned t o  i t s  dev ia t ion  from a s t r a i g h t  l i n e ,  w e  reduce 
t h e  a c t u a l  Bendix r a t e  da t a  f o r c e  r u n  i n  p ropor t ion  t o  t h e  
t o t a l i z e r  excess  over a given f i x e d  count .  Choosing 81.000 a s  
t h e  proper t o t a l i z e r  cons tan t  for a cons t an t  t o t a l  mass of 
f l u i d  measured, say  t h a t  82.000 is t h e  count ob ta ined  w i t h  
a n  i nd ica t ed  r a t e  of 52.0% of f u l l  s c a l e .  The c o r r e c t e d r a t e  
t h e n  is: 
81.000 
82.ooo 52.0 = 51.3 
A p l o t  of t he  co r rec t ed  Bendix  r a t e  a g a i n s t  t h e  a c t u a l  Wyle 
r a t e  (Figure 16) should be a s t r a i g h t  l i n e .  I f  t h i s  is  not 
t r u e ,  then t h e  p o i n t s  which l i e  of f  t h i s  s t r a i g h t  l i n e  i n d i c a t e  
a t o t a l i z e r  c o n t r i b u t i o n  t o  t h e  t o t a l  counts .  T h u s  i f  no 
t o t a l i z e r  e r r o r  i s  present  very l i t t l e  d a t a  s c a t t e r  should 
occur about t h i s  s t r a i g h t  l i n e .  
Carrying t h e  procedure a s t e p  f u r t h e r ,  t h e  Bendix J fo rce  or 
E o u t  K V F  d a t a  ( F i g u r e  17) may be c o r r e c t e d  by t h e  percent -  
age devia t ion  of t h e  r a t e  d a t a  from a s t r a i g h t  l i n e .  T h u s  i f  
t h e  e l e c t r o n i c s  is  not proper ly  combining t h e  E o u t  = K P  and 
EQut z K V F  s i g n a l s ,  t h e  r a t e  e r r o r  w i l l  not  be i n  propor- 
t i o n  t o  t h e  E o u t  = K V F  e r r o r .  
were made a t  nea r ly  cons t an t  d e n s i t y  (t’ 0.2% p o i n t ) ,  i f  t h e  
and the e r r o r  has been t r a c e d  t o  t h e  f o r c e  senso r  (Figure 1 8 ) .  
Since t h e  r u n s  on 1/29/65 
d a t a  l i e s  on a s t r a i g h t  l i n e ,  t h e  combining 
d e n s i t y  s i g n a l s  was performed c o r r e c t l y ,  
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C ONCLUS I ONS 
The f o l l o w i n g  problems e x i s t  i n  t h e  p r e s e n t  d e s i g n :  
1. E x c e s s i v e  cool down ( s t a b i l i z a t i o n )  t i m e  a n d  t e m p e r a t u r e  
2. R e q u i r e s  r e n u l l i n g  a t  each cool down. 
3. O v e r  s e n s i t i v e  t o  s l i g h t  n u l l  errors. 
4. O v e r l y  v u l n e r a b l e  t o  f o r e i g n  materials i n  f l u i d .  
error. 
1. The  excessive cool down t i m e  is c a u s e d  b y  e x c e s s i v e  o v e r a l l  
mass a n d  i n a d e q u a t e  thermal t r a n s f e r  b e t w e e n  p a r t s .  The  r e d u c -  
t i o n  of t h e  problem is o b v i o u s l y  t o  redilce over -a l l  mass b y  
we igh t  a n d  s ize  r e d u c t i o n  w h e n e v e r  poss ib le  ( a l so  desirable for 
o the r  r e a s o n s ) .  The thermal t r a n s f e r  problem w i l l  be r e d u c e d  
b y  c h a n g i n g  s u r f a c e  t o  mass r a t i o ,  s n r f a c e  cha rac t e r i s t i c s ,  
d i r e c t  c o n d u c t i n g  pa ths ,  a n d  a d d i n g  rad ia tors  a n d / o r  s h i e l d s .  
T e m p e r a t u r e  error  - b y  m i n i m i z i n g  n u l 4  s h i f t  d u r i n g  t e m p e r a t u r e  
c h a n g e  b y  improved symmet ry  and iieai siiieictiiig. ~ ' Z C ~ ~  2 ~ : :  
t o l e r a n c e s ,  m a t e r i a l g r a i n  d i r e c t i o n ,  stress r e l i e v i n g ,  e t c .  
L - I  - . .  
A s s e m b l y  t e c h n i q u e s  t o  m a i n t a i n  a n d  i m p r o v e  f i n a l  assembled 
s y m m e t r y .  
2. Correct  b y  r e d e s i g n i n g  f o r  p r o p e r l y  s e c u r e d  j o i n t s  b y  i m p r o v e d  
j o i n t s  or r e d u c e d  stress i n  j o i n t s .  O p t i m i z e  material stress 
d u r i n g  cool down, w a r m  u p ,  a n d  o p e r a t i o n  a t  a n y  t e m p e r a t u r e  
w i t h i n  prescr ibed r a n g e .  
Stress r e l i e v i n g  o f  pa r t s  a n d  assemblies, a n d  t e m p e r a t u r e  
c y c l i n g  p r i c r  t o  f i n a l  c a l i b r a t i o n .  
Materials s e l e c t i o n .  
3. T h i s  c a u s e d  b y  too sha rp  ( s t i f f )  mechar?ical n d l l  t h a t  becomes 
s t i f f e s t  a t  cold a n d  is d e t e r m i n e d  b y  t h e  s p r i n g  ra te  o f  t h e  
s u p p o r t i n g  ( f l e x i n g )  members. A d d i n g  f o r m e d  c o n v o l u t i o n s  t o  t h e  
o u t e r  s u p p o r t s  w i l l  i m p r o v e  t h i s  as w e l l  a s  r e d u c i n g  t h e  stress 
a t  t h e i r  m o u n t i n g  p o i n t s .  The l e v e r  p i v o t  diaphragms s h o u l d  
be optimized w i t h  respect t o  diameter a n d  material  t h i c k n e s s  
t o  p r o v i d e  maxitcum f l e x i b i l i t y  when co ld  a n d  deformed b y  pres- 
s u r e  d i f f e r e n t i a l .  The m a g n e t i c  gap may be i n c r e a s e d  b y  a 
decreased l e v e r  r a t i o  (now a p p r o x i m a t e l y  2 : l ) .  The wider  
gap w o u l d  decrease t h e  force e f f e c t  of gap c h a n g e  a n d  decrease 
m a g n e t i c  h y s t e r e s i s  error. R e d u c i n g  t h e  w e i g h t  of t h e  o u t e r  
s e n s i t i v e  (mov ing  p a r t s )  w i l l  pe rmi t  r e d u c e d  l e v e r  r a t i o .  
4.  T h e  d e n s i t y  s e n s i n g  (honeycomb) p l a t e s  are s u s c e p t i b l e  t o  
s h o r t i n g  t o  each o t h e r  a n d  t o  g r o u n d  f r o m  f o r e i g n  n a t e r i a l  
i n  t h e  f l u i d .  C o a t i n g  a l l  s u r f a c e s  o f  these p a r t s  w i t h  Kel-F 
o r  T e f l o n  w o u l d  a i n i m i z e  t h i s  problem a n d  a l s o  a n  i n s u l a t i o n  
r e t e n t i o n  problem t h a t  c o u l d  c a u s e  a s l i g h t  s h i f t  i n  t o t a l  
ac t ive  c a p a c i t a n c e .  
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F i l t e r  sc reens  w i l l  be added t o  both ends of t h e  meter t o  
s t o p  any ma te r i a l  l a r g e  and heavy enough t o  cause phys ica l  
damage t o  t h e  honeycombs. 
The t h r e e  pockets f o r  t h e  l e v e r s  t h a t  could a l s o  c o l l e c t  resi- 
d u e  w i l l  be e l imina ted  by having t h e  fulcrum pivot  diaphragm 
f l u s h  w i t h  t h e  housing bore.  
Other pockets ( i n  t h e  channel f i l l e r  r i n g s )  w i l l  be e l imina ted  
or made self  f l u s h i n g .  
The good c o r r e l a t i o n  of t h e  Bendix Indica ted  Mass R a t e  of P l o w  
tes t  d a t a  T r o m  t h e  15  po in t  c a l i b r a t i o n  on 1-29-65 showing a 
r a t e  s c a t t e r  of 51% of f u l l  s c a l e  (15 l b s / s e c . )  about each 
of two d a t a  c o r r e l a t i o n s  shows t h a t  t h e  b a s i c  theory of 
operat ion of t h e  flowmeter system is sound. The f a c t  t h a t  
t h e  two s t r a i g h t  l i n e s  b e s t  c o r r e l a t e  t h e  r a t e  d a t a ,  and t h e  
fix d a t a  d u r i n g  near ly  cons t an t  d e n s i t y  r u n s  i n d i c a t e s  
t h a t  some mechanical i n s t a b i l i t y  is p r e s e n t .  (Post-Wyle 
s t a t e s  tests show t h a t  no magnetic h y s t e r e s i s  or s h i f t s  w i l l  
occur a t  LH2 temperatures . )  
The mass r a t e  da t a  of 1-29-65 i n d i c a t e s  t h e  e l e c t r o n i c  read- 
out was adequate f o r  t h e  design goal  of a mass r a t e  of flow 





I s p r i n g  r a t e )  m e c h a n i c a l  n u l l  i s  n e c e s s a r y  t o  o b t a i n  a mass ra te  of 
Modification of t h e  force t r a n s d u c e r  t o  a c h i e v e  a sof te r  (lower 
f l o w  a c c u r a c y  of k 1% of f u l l  scale from t h e  B e n d i x  C a p a c i t a n c e  
T y p e  Mass Flowmeter S y s t e m .  
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